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Abstract 8 
This paper pays specific attention to measuring and identifying the behaviour of the bridge bearings 9 
of a short span highway bridge, as well as the static and dynamic data commonly used for model 10 
updating. This is important because while it is widely accepted that correct simulation of boundary 11 
conditions in a Finite Element (FE) model is crucial to the accuracy of the model, few researchers 12 
have actually attempted to measure bearing movement as part of their model updating strategy. To 13 
demonstrate the approach and the benefits of tracking bearing movement two separate updated FE 14 
models of the bridge were developed; (i) was updated using dynamic performance information, and 15 
(ii) was updated using response to quasi-static loading. The inclusion of bearing behaviour data 16 
proved to be very important, as in (i) it was found that during ambient vibration testing with low 17 
level dynamic response to light traffic, the friction on the bridge bearings was such that they were 18 
effectively behaving as ‘pinned-pinned’, as opposed to ‘pinned-roller’ as indicated by the bridge 19 
drawings. Using this observation it was possible to get the updated model (i) to match very closely 20 
with the experimentally measured frequencies and mode shapes. Without this information, 21 
conventional model updating optimisation would likely have driven the system parameters (e.g. 22 
Young’s modulus, deck mass) to unrealistic values in order to get the FE predictions to match the 23 
experimentally observed frequencies. For the static model (ii) it was again observed that friction on 24 
the bearing was playing a significant role in the behaviour of the bridge and this was exploited to 25 
develop a simple but effective updated FE model that accurately predicted the bridge response 26 
during two separate static load tests. No single FE model could represent the bridge for both types 27 
of loading but in both cases the bearing performance data were critical in getting the relevant model 28 
to match the experimentally observed values. 29 
 30 
1.0 Introduction 31 
1.1 Context of current study 32 
This paper focuses on the nuances of the behaviour of bridge bearings in service and the impacts 33 
this has on Finite Element Model Updating (hereafter referred to as FEMU). The next section 34 
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describes in more detail the work to be undertaken. However, to give context to the current study 35 
this section gives a brief overview of some of the previous work carried out in this area.      36 
Most of bridge FEMU studies have been based on operational modal frequencies and mode shapes 37 
from ambient vibration tests using accelerometers for various bridge types: suspension bridge [1], 38 
[2], cable-stayed bridge [3], [4], Pre Stressed Concretre (PSC) box-girder bridge [5], [6], and arch 39 
bridge [7], [8]. Accelerometers were widely used due to their ease of use in the field.   40 
 41 
One problem of using modal parameters in FEMU was a limited number of data points, i.e. a few 42 
lower natural frequencies and corresponding mode shape amplitudes. The limited data points can 43 
lead to the ill-conditioning in the optimisation process, especially when many optimisation variables 44 
are used [9], [10]. In effect, the limited data points tends to lower the number of optimisation 45 
variables to avoid the ill-conditioning. The dynamically updated FE model based on modal 46 
parameters must be used carefully to predict static response as there is no guarantee of accuracy for 47 
static response prediction.  48 
 49 
To overcome this problem and to bring more confidence in the updated model, static measurement 50 
quantities such as displacement, strain or tilt were used together with modal parameters [11]–[14].  51 
However, the accuracies of the updated FE models achieved were not consistently high for either 52 
dynamic only updating or combined dynamic and static updating. The maximum absolute errors of 53 
modal frequencies ranged typically from 5% to 20%, but in some instances were even higher [11], 54 
[15], [16]. This may be due to measurement noise, but one of the fundamental sources of this 55 
uncertainty is the FE modelling errors [12], [14], [17], [18]. This is because the common bridge 56 
bearings’ modelling method, i.e. relying on using ideal rollers or hinges in FE models, is far from the 57 
actual friction behaviour. Also, composite action between the slab and the girders of a bridge may 58 
be uncertain in an operational condition [19].  59 
 60 
Due to these known sources of error Goulet et al. [20] proposed the idea of generating multiple 61 
prototype models of the bridge using a probabilistic approach. Then following the results of some 62 
field testing, prototype models that are shown to give the correct predictions (within a certain 63 
range/threshold) are identified as candidate models. The approach was demonstrated using static 64 
load test data from an 80m span concrete bridge. More recently the same authors have presented 65 
an evolution of the concept, specifically an error-domain structural identification approach that uses 66 
model falsification to identify candidate models [21], [22]. This is based on the concept that in 67 
science, data cannot truly validate a hypothesis therefore it can only be used falsify it. This approach 68 
has been used by Goulet et al to look at the effects of modelling simplification for structural 69 
identification of bridges [23], and the more general challenge of dealing with the systematic errors 70 
and unknown uncertainty dependencies that can occur in updated FE models [24]. 71 
 72 
1.2 Overview of paper content 73 
The aim of this paper is to examine by way of a case study how monitoring bridge bearing 74 
movements can be helpful for Finite Element model updating. Historically, updated FE models have 75 
been used to predict both dynamic and static behaviour and hence the same approach is adopted in 76 
this paper. The paper has the following steps:  77 
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(i) a modal test on the bridge is undertaken where bearing movement is also monitored,  78 
(ii) a finite element model of the bridge is prepared using the available drawings which we term 79 
Model 0  80 
(iii) Model 0 is updated to so that the mode shapes and frequencies from the model match those 81 
observed on site thereby giving an accurate ‘dynamic model’ which for convenience we term  82 
Model 1. In this step having information on the movement of the bearings proves crucial in 83 
developing the updated model as it was demonstrated that in ambient conditions with just cars 84 
crossing the bridge, the bridge bearings effectively behaved as ‘pin-pin’, rather than the ‘pin-85 
roller’ arrangement indicated on the drawing.  86 
(iv) a static load test using an unloaded truck is carried out where mid-span displacement and 87 
bearing movement are monitored   88 
(v) the data from (iv) indicated that under truck loading the bearings no longer behaved as ‘pin-89 
pin’, instead they behave as something closer to ‘pin –friction roller’, so the model is further 90 
updated to allow for friction in the roller, resulting in an accurate ‘static model’, which we refer 91 
to as Model 2.  92 
(vi) to check that parameter compensation was not occurring in Model 2, a second load test using a 93 
loaded truck is carried out where mid-span displacement and bearing movement are again 94 
monitored, and it is shown that Model 2 still provides accurate predictions. Note, similar to 95 
[20], in this study parameter compensation describes the situation where an error in one 96 
parameter (e.g. too large a value of Young’s modulus of steel) is compensated for by an error in 97 
another parameter (e.g. too small a value of Young’s modulus of concrete).        98 
In broad terms steps (i)-(vi) are covered in Sections 2-6 as follows. Section 2 describes the bridge 99 
used in the case study and the initial modal test carried out on the bridge, including displacement 100 
measurements taken at the bearings (step (i)). Section 3 describes the finite element models 101 
prepared (Model 0 and Model 1), the updating procedure used and the results observed, i.e. how 102 
close the frequencies of the updated model are to the measured frequencies (Steps (ii) & (iii)). 103 
Sections 4-6 describe the load tests undertaken including the measurements recorded, the model 104 
updating carried out, and compares the field measurements to the corresponding FE model 105 
predictions (steps (iv)-(vi)).    106 
It should be noted that the model updating procedures in this paper have deliberately been kept 107 
relatively simple. This is because the aim of the paper is to demonstrate the improvements that can 108 
be brought to an updated FE model by including bearing measurements in the suite of field tests, 109 
even when using relatively simple updating procedures.  However, including bearing measurements 110 
in more sophisticated model updating procedures such as model falsification [20]–[24] or other 111 
methods discussed in Section 1.1 is likely to bring even larger improvements.  112 
2.0 Modal data collected on bridge prior to FE model updating 113 
2.1 Bridge used in case study 114 
The bridge used in this case study is shown in Fig. 1 and a plan view of the bridge is depicted in Fig. 115 
2. The bridge is a half-through steel girder bridge simply supported at both ends and it spans 36 m. 116 
The concrete deck is 7.6 m wide, 200mm deep, and is supported on a series of 450 mm deep steel 117 
beams spanning transversely between the main girders which are approximately 2 m deep. To carry 118 
4 
 
out model updating it was necessary to collect data on deck acceleration and bearing displacements. 119 
The procedure for collecting these data is described in sections 2.2 and 2.3 respectively. 120 
 121 
 122 
 123 
Fig. 1, North Elevation of the bridge used in the case study. 124 
 125 
2.2 Modal test on bridge 126 
The frequencies and mode shapes for the bridge have been established in an earlier study [25]. 127 
However, to allow the mode shapes to be understood a brief summary of the modal test and the 128 
analysis is provided. Fig. 2 shows a plan view of the bridge and the locations where accelerometers 129 
were placed. Accelerometer locations U, V & W were at the ¼ point, mid-span and ¾ point of the 130 
deck on the north side of the bridge, locations X-Z were at the same longitudinal positions on the 131 
south side of the bridge. The data logging station was set up at the northwest corner of the bridge as 132 
indicated in the figure. 133 
 134 
 135 
 136 
Fig. 2, Schematic of the accelerometer locations U-Z and corresponding cabling arrangement.  137 
 138 
The method used to identify the mode shapes is the NExT/ERA operational modal analysis procedure 139 
[26]. This is one of several possible operational modal analysis procedures [27]–[29]  and was used 140 
here due to long experience in its use and implementation in bespoke software [30]. Further details 141 
on the modal test on the bridge can be found in [25]. The mode shapes, frequencies and damping 142 
ratios obtained in the test are presented in Fig. 3   143 
 144 
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 145 
 146 
 147 
Fig. 3, Bridge mode shapes identified by modal test: (a) First bending mode, (b) First torsion mode, 148 
(c) Second bending mode, (d) Third bending mode, (e) Second torsion mode.  149 
 150 
2.3 Bearing movements 151 
As well as the modal test, movement of the bearings was also studied on the same day as it is well 152 
known that boundary conditions play a big role in the behaviour of the bridge. The expansion joint 153 
shown in shown in Fig. 4(a) is on the east end of the bridge which is on the left side of the image in 154 
Fig. 1. At the east end, the deck is supported on the two steel sliding bearings shown in Fig.4(b), with 155 
the bearings under the north and south beams shown in the foreground and background of the 156 
image, respectively. The bearing movement was recorded using an LVDT to measure the relative 157 
movement between the end of the beam and the concrete curtain wall on the abutment. The 158 
experimental setup of the LVDT is shown in Fig. 4(c) where the tip of the LVDT is touching the curtain 159 
wall and the body of the LVDT is supported on a retort stand which is attached to the end of the 160 
beam using a magnet. As well as measuring the translation of the bearing, the temperature of steel 161 
at the north east corner was also recorded during the modal test. The thermocouple used to record 162 
this temperature is attached to the steel beam using the white tape in the right of the image in Fig. 163 
4(c). The bearing movement and the corresponding steel temperature were recorded from 10am 164 
until 5pm on the day of the test, and the data are presented in Fig. 4(d). In the figure the bearing 165 
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translation and surface temperature of the steel is plotted with respect to the left and right axes, 166 
respectively. Broadly speaking, the movement of the expansion joint/bearing is proportional to 167 
temperature, which is to be expected. However, interestingly the movement of the joint/bearing 168 
does not appear to be smooth, instead as the deck is expanding the joint appears to move in a kind 169 
of ‘stepped’ fashion. This indicates that there is a significant degree of friction/restraint in the 170 
bearing/expansion joint system and that as the pressure due to thermal expansion builds up the 171 
restraining force provided by the bearing will increase correspondingly. Then as the restraint can no 172 
longer hold the force due to thermal expansion the bearing will move and the process starts again. 173 
This results in a characteristic ‘stick-slip’ behaviour. These discreet periods of apparent restraint are 174 
found to be important when modelling the bridge and will be discussed further in later sections. 175 
Finally it should be noted that the LVDT was mounted slightly below the centroid of the main girder 176 
and therefore when the bridge is heavily loaded and the ends of the deck rotate, so that some 177 
translation will be recorded on the LVDT. Ideally, when tracking thermal movements the LVDT would 178 
be placed at the centroid but in this case that was not practicable, as the curtain wall serving as a 179 
point of reference did not go all the way up to the centroid, so the LVDT was placed as close as 180 
possible to the centroid. If the plot of displacement in Fig 4(d) is examined it can be seen that there 181 
are some localised spikes in displacement and these are believed to be due to heavy short duration 182 
loading on the bridge due to traffic congestion and/or heavy vehicles. The bridge is in an urban area 183 
and there are periods during the day when the traffic is stationary on the bridge due to congestion.         184 
 185 
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 186 
Fig. 4, Bridge bearings/expansion joints and associated monitoring,  (a) expansion joint looking 187 
south, (b) sliding bearings on east abutment looking south, (c) LVDT mounted on east end of north 188 
girder (d) bearing movements and temperature variation observed during test. 189 
3.0 Finite element modelling for dynamic model 190 
Having collected the field data a Finite Element (FE) model of the bridge was prepared and updating 191 
procedures were implemented to try and get the model response to match the behaviour observed 192 
on site. The model and the updating procedures used are described in this section.       193 
3.1 Ansys models 194 
The bridge surface is shown in Fig. 5(a) and the corresponding FE model is shown in Fig 5(b). The FE 195 
model of the bridge was created using ANSYS 14.5. The geometry was obtained from design 196 
drawings provided by the bridge operator. Steel members were modelled using an elastic modulus 197 
of 206 GPa, a mass density of 7849 kg/m3. The 200 mm thick concrete deck was modelled using an 198 
elastic modulus of 30 GPa, and a mass density of 2403 kg/m3. The asphalt surfacing layer is indicated 199 
on the drawings to be 100 mm thick and is considered as an additional density to the concrete deck, 200 
but it was not assumed to contribute to the stiffness of the concrete deck. Based on this approach 201 
the initial value of deck density used in the model was 3604 kg/m3. Admittedly this approach of 202 
assuming no stiffness contribution from the bituminous surfacing is a simplification, as in reality it is 203 
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likely to add some stiffness to the bridge deck. However, to date in the literature there has been 204 
little/no research carried out on exactly how much of a contribution to deck stiffness the bituminous 205 
surfacing makes, and consequently most researchers ignore it. For consistency the same approach is 206 
adopted here. From the bridge drawings it is known that the bearing on the west end of the bridge is 207 
a ‘pinned bearing’ and the east end is a ‘roller’ or ‘sliding’ bearing.   208 
To examine the effects of different modelling techniques, initially two FE models were built based on 209 
different element types, (in effect these models are subsets of Model 0). In in the first model, which 210 
is referred to as ‘beam and shell’ (B&S) model, the main girders and the transverse beams are 211 
modelled using beam elements and the bridge deck is modelled using shell elements. In the second 212 
model, which is referred to as the ‘plate’ model, thin shell elements are used to model all parts of 213 
the bridge. In the B&S model, the neutral axis of the beam elements is drawn in the same plane as 214 
the mid-span of the shell elements as a default and thus an offset was applied to the beam elements 215 
to accurately model a beam-plate assembly (beam attached to the bottom of the plate). In the B&S 216 
model the vertical web stiffeners on the main girders which can be seen in Figs. 5(a), are not 217 
included in the simulation. In the plate model, the shell elements used to simulate the deck were set 218 
in the centre line and constrained via nodal coupling with the nodes in the transverse beam to 219 
achieve the correct geometry. The stiffeners to the steel girders were also modelled using shell 220 
elements. In effect the B&S model and the plate model were our initial attempts at developing a 221 
Model 0 referred to in section 1.2. 222 
 223 
Fig. 5, Bridge and model, (a) Bridge deck and south girder, (b) Finite element model of the bridge. 224 
 225 
Based on the information from the bridge drawings, both models were initially assumed pinned at 226 
the West end and as rollers at the East end. The resulting mode shapes from the B&S model are 227 
shown in the left column of the Table 1. For convenience, the measured mode shapes (previously 228 
shown in section 2) are reproduced in the right column of Table 1. Examining these plots shows that 229 
the shape of the modes predicted by the B&S model match quite well with those measured on site. 230 
The mode shapes predicted by the Plate model are very similar to B&S modes shown in Table 1 so 231 
are not shown. 232 
 233 
 234 
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Table 1, Mode shapes from FE model and site data 235 
Mode 
No 
Mode shape from Ansys B&S model Mode shape from site data 
1  
 
 
 
2 
 
 
 
3 
 
 
 
4 
 
 
 
5 
 
 
 
  236 
While the basic mode shapes from the model agree well with those observed on site there is not 237 
such good agreement between the associated frequencies. This point is illustrated in Table 2 which 238 
1st Bending  
1st Torsion  
2nd Bending  
3rd Bending  
2nd Torsion 
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shows the measured frequencies and the corresponding frequencies predicted by the models. The 239 
text in bold shows the measured frequency, the text in the shaded rows shows the frequencies 240 
predicted by the finite element models when pin-roller boundary conditions are assumed. The 241 
unshaded rows show the frequencies when the boundary conditions are assumed pinned-pinned.  242 
When pin-roller boundary conditions are assumed (shaded rows) it can be seen that the frequencies 243 
predicted by the beam and shell model are different to the frequencies predicted by the plate 244 
model, especially for modes 2 and 4 where the plate model predicts appreciably higher frequencies. 245 
The primary reason for this is believed to be due to the fact that the plate model takes account of 246 
the web stiffeners in the main girders whereas the B&S model does not. The main girders of the 247 
bridge are 2.1m deep therefore the torsional stiffness of the girder likely plays a role in several of the 248 
modes and therefore for some modes the stiffeners are likely to make an appreciable contribution 249 
to the overall stiffness of the system. 250 
While it is interesting to look at the differences between the frequencies predicted by both models, 251 
more important is the differences between both FE models and the frequencies measured on site. 252 
When pin-roller boundary conditions are assumed, both FE modes significantly underestimate the 253 
frequencies of modes 1 &2, and overestimate the frequencies of modes 3 & 5. Due to the stepped 254 
nature of the displacement pattern evident in Fig. 4(d) it is reasonable to assume that the support 255 
conditions during the monitoring period were in reality very close to pinned-pinned when the bridge 256 
was lightly loaded or completely unloaded. Therefore the two bottom rows of Table 2 show the 257 
frequencies predicted by both FE models for pin-pin bearing conditions. Now modes 1 and 2 from 258 
the plate model are quite close to the experimentally measured values. The frequency of mode 3 is 259 
still too high but has been largely unaffected by assuming pin-pin boundary conditions.  Mode 4 & 5 260 
frequencies, already too high have been further increased by assuming pin-pin boundary conditions, 261 
but not by a significant amount. So far it appears that using a plate model and assuming pin-pin 262 
boundary conditions is reasonably accurate at capturing the dynamic properties for lower frequency 263 
modes under relatively light loading. However, to try for better agreement between measured and 264 
FEM modes the better performing pin-pin ‘plate’ model will be updated using the procedure 265 
described in the next section. For convenience and consistency with the steps described in Section 266 
1.2 the plate model with pin-roller boundary conditions is considered as Model 0, i.e. the model built 267 
off the drawings without updating. 268 
It should be noted that while assuming pinned-pinned is reasonable when the bridge experiences 269 
light load such as cars and light trucks, which was the case for most of the acceleration data 270 
collected here, it is not an appropriate if the bridge is has significant load on it such as heavy goods 271 
vehicles (HGVs). This is because when there is significant load on the bridge it is likely to behave 272 
something closer to pin-roller, as evidenced by the localised sharp peaks in Fig. 4(d). Further 273 
evidence and discussion on this point is presented in Sections 5 and 6 where a load test is carried out 274 
on the bridge.    275 
 276 
 277 
   278 
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Table 2, Measured frequencies and model predicted frequencies for different models and end 279 
conditions.  280 
  Frequency (Hz) 
 Assumed end 
conditions 
Mode 1 
(1st 
Bending) 
Mode 2 
(1st 
Torsion) 
Mode 3 
(2nd  
Bending) 
Mode 4 
(3rd  
Bending) 
Mode 5 
(2nd 
Torsion) 
Measured Not applicable 3.08 4.945 7.470 11.346 13.80 
B&S Pin-roller 2.537 4.035 7.671 10.335 14.262 
Plate 2.453 4.413 7.863 11.678 14.145 
B&S Pin-pin 2.689 4.207 7.673 10.358 14.312 
Plate 3.225 4.962 7.880 11.922 14.512 
 281 
3.2 Model updating procedure used and results obtained 282 
 When carrying out model updating the parameters commonly updated are: elastic modulus of 283 
concrete (Ec), elastic modulus of steel (Es), density (self-weight) of concrete, and density (self-284 
weight) of steel (Ds). Note, as pointed out at the start of section 3.1 the bituminous surfacing is 285 
assumed to provide no stiffness to the deck but it’s mass contribution is taken into account. As the 286 
mass of the surfacing and the concrete is being attributed to the concrete deck this deck mass 287 
variable is referred to as density of deck Dd.   To avoid parameter compensation that can occur 288 
when more than one parameter is updated it was decided to update only one parameter at a time. 289 
Of the commonly used parameters it was felt that the greatest uncertainty was regarding the density 290 
of the deck (Dd), as without drilling the slab and the pavement at several locations it is very difficult 291 
to be certain of the pavement thickness or indeed the slab thickness. Therefore the density of the 292 
deck (Dd) was adjusted to obtain a good fit in natural frequency.  In this model Es is taken as 206 293 
GPa, Ec=30GPa, and Ds =7,800 kg/m3.  294 
The objective function is built up by the residuals between the measured modal frequencies (the 295 
first five) and the numerical predictions. Pattern search technique was implemented for the 296 
optimisation process, which is suitable for the global optimisation with a simple tactic and 297 
derivative-free. The focus of this study is on the boundary conditions and it was felt that using a 298 
relatively simple model updating procedure was the best way to examine the impact of the 299 
boundary conditions. Constrained bounds were applied to the updated parameter with the lower 300 
and upper bounds at 0.5 and 1.5 times of the initial value. 301 
The initial value in R0 was Dd=3604.5 kg/m3. After the updating process, R converged to Dd= 4,153 302 
kg/m3. This indicates that Dd is 15% higher than one might expect based on the drawings. This 303 
equates to an extra 50mm of surfacing on the bridge deck, i.e. 150mm rather than the 100mm 304 
shown on the drawings. Considering that the bridge is likely to have undergone multiple resurfacings 305 
since it was originally constructed such an increase in surfacing does not seem unreasonable. 306 
Alternatively the extra mass could be due to a slightly thicker concrete deck and/or deeper footpaths 307 
both of which are conceivable. Table 3 shows that after updating there is good agreement between 308 
the measured frequencies and those predicted by the updated model. However, without having the 309 
information on the bearings it is likely to have been quite difficult to get the frequencies to 310 
match and still keep the model parameters (Es, Ec, Ds, etc) within a sensible/credible range of 311 
values. This assertion is based on the fact that in Table 2 when pin-roller boundary 312 
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conditions are assumed the FE frequency predictions for modes 1 & 2 are appreciably lower 313 
than measured values, but the FE frequency predictions for modes 3-5 are all marginally 314 
higher, i.e. it would be difficult to increase the FE predictions for modes 1 & 2 and 315 
simultaneously reduce the FE frequency predictions of modes 3-5. For ease of referencing 316 
we will call this updated model which assumes pinned-pinned boundary conditions as 317 
Model 1. The mode shapes from Model 1 are very similar to those shown in the right 318 
column of Table 1, i.e. the mode shapes from Model 1 show very good agreement with the 319 
mode shapes measured on site.    320 
Having established a credible FE model for dynamic predictions (Model 1) the next step was 321 
to see if this could be evolved to provide accurate predictions of static behaviour and this is 322 
addressed in the next section.  323 
Table 3, Frequencies after model updating. 324 
  Frequency (Hz) 
 Assumed 
end 
conditions 
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 
Measured Not 
applicable 
3.08 4.94 7.48 11.4 13.78 
Plate Pin-pin 3.076 4.826 7.486 11.339 14.085 
Difference 
in Hertz 
N/A 0.004 0.114 0.006 0.061 0.305 
% 
Difference 
N/A 
0.141% 2.314% 0.081% 0.533% 2.213% 
 325 
4.0 Procedure for static load tests 326 
Having shown that by monitoring the bearing movement and updating the FEM parameters it was 327 
possible to obtain reliable representation of modal properties, the next step is to attempt to achieve 328 
a similar result for a ‘static’ model. To check this, it was necessary to carry out two separate load 329 
tests on the bridge. The truck used in both tests was the same (four axle aggregate truck) but in the 330 
first test the truck was unloaded (gross weight ≈ 12 tonnes) and in the second test it was loaded 331 
(gross weight ≈ 32 tonnes). Data from the first test was used to update the model and data from the 332 
second was used to check the model.  The authors feel that carrying out two different load tests is 333 
very important, because if there are significant parameter compensation errors in the updated 334 
model, performing the second test should help to expose this problem. Details on the procedure for 335 
carrying out the two load tests and the results obtained are described in the remaining sections of 336 
this paper. Details on the measuring systems used, the test truck and stopping locations are 337 
described in this section. Subsequently sections 5 and 6 report the experimentally measured bridge 338 
displacements and corresponding FE model predictions for the unloaded and loaded tests 339 
respectively   340 
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4.1 Measuring systems used 341 
Fig. 6 shows a schematic of the bridge and the three different measuring systems used on the 342 
bridge. Details on the camera system to measure mid-span displacement, the Linear Variable 343 
Displacement Transducers (LVDTs) used to measure bearing movement at the east end of the deck, 344 
and the go-pro action camera used to track vehicle movements are provided in sections 4.1.1-4.1.3 345 
respectively.  346 
 347 
 348 
Fig. 6 Plan view of bridge and instrumentation setup   349 
4.1.1 Imetrum camera system 350 
A commercial (Imetrum) multi-camera displacement tracking system was used to capture quasi-351 
static response in the load test. Fig. 6 shows two cameras on the west bank of the river, one on the 352 
north side of the bridge (camera 1) and one on the south side (camera 2). Cameras 1 and 2 tracked 353 
the mid-span displacement of the north and south girders, respectively.  The position of the 354 
equipment tent is also indicated in Fig. 6 and a photo of this tent is shown in Fig 7(a). Camera 1 can 355 
be seen on the yellow tripod just to the right of the tent. Fig. 7(b) shows the view from the tent, and 356 
the zone at mid-span to be tracked by the camera is shown circled. The insert in the figure shows the 357 
view from camera 1 of the artificial ‘target’ that was stuck to the web of the girder at mid-span. If 358 
there was sufficient natural texture on the girder an artificial target would not have been necessary. 359 
However, in this case the web had been painted so the surface was quite uniform and therefore a 360 
target was required. The target does not have to be concentric circles but such a pattern has been 361 
found to work well in the past and therefor was used in this test. The set up for camera 2 on the 362 
south side of the bridge was the same and a network cable connected camera 2 to the Imetrum 363 
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logger in the tent. Having cameras on both sides of the bridge allowed us to track the total 364 
deflection of the bridge at mid-span. 365 
 366 
367 
Fig. 7, Equipment tent looking north, (a) go-pro to the left of the tent and camera 1 to the right (b) 368 
view of the bridge from the equipment tent. 369 
 370 
4.1.2 LVDT  371 
The same LVDT system described in section 2.3 was used again in this test. However, unlike in 372 
section 2.3 where the LVDT was placed close as possible to the centroid of the girder, in this test the 373 
LVDT is placed approximately level with the bearings at the bottom of the girder. The reason for 374 
doing this was that in this test the objective was to monitor how the bearing was moving under truck 375 
loading so it made sense to put the LVDT approximately level with the bearing. Fig. 8(a) shows the 376 
set up at the east end of the North girder, the data logger can be seen in the foreground of the 377 
image and the LVDT at the bottom of the girder is shown circled. Fig 8(b) shows a zoomed in view of 378 
the LVDT where the tip is touching the concrete curtain wall on the abutment and the body of the 379 
LVDT is supported by a retort stand connected to the end of the girder.     380 
 381 
 382 
 383 
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 384 
Fig. 8, LVDT system set up to measure bearing movement at the east end of the bridge, (a) overview 385 
of location of system, (b) close up view of the LVDT at the bottom of the girder. 386 
 387 
4.1.3 GoPro 388 
The GoPro action video camera was positioned to the left of the tent as shown in Fig. 7 and its role 389 
was to record what was crossing the bridge during the test. Using a countdown system, the Imetrum 390 
cameras, the LVDTs and the GoPro were all switched on at approximately the same time. This means 391 
that in conjunction with notes taken on site footage from the GoPro could be used to identify what 392 
was happening on the bridge deck when a given peak in displacement is observed. As the syncing 393 
was manual rather than electronic the three systems were synchronised to one or two seconds, 394 
which was adequate for the purpose of the static load test. Fig. 9 shows an image from the GoPro. 395 
 396 
 397 
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  398 
Fig. 9, View from GoPro camera.  399 
 400 
4.2 Truck information and stopping locations  401 
The truck used in the test was the four axle Scania P410 shown in Fig 10(a). In the first test the truck 402 
was unloaded and in the second test the truck was loaded. The loaded and unloaded axle weights 403 
are shown in parts (b) and (c) of the figure, respectively.  404 
 405 
Fig. 10, Load arrangement of the truck used in the load test, (a) photo of truck, (b) axle weights and 406 
spacing’s for unloaded truck Gross Vehicle Weigh (GVW) 12T (c) axle weights for loaded truck GVW 407 
32T  408 
The truck needed to be able to stop at a series of predetermined locations for measuring the 409 
resulting displacement, so the road was marked with chalk to indicate to the driver where to 410 
position the front axle when stopped. Permission for full bridge closure was not obtained so it was 411 
not possible to drive the truck up the centre of the bridge, i.e. the truck had to adhere to the traffic 412 
lanes marked on the bridge. Therefore the chosen truck stop positions were A-F as shown in Fig 11. 413 
Positions A, B and C correspond to when the truck was on the North side of the bridge (travelling 414 
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East) and with the centre of the truck at quarter-span, mid-span and 3-quarter span, respectively. In 415 
this study, for convenience the centre of the truck is considered as the midpoint between the 2nd 416 
and 3rd axles. Positions D, E and F are when the truck is on the South side of the bridge (travelling 417 
West) and the centre of the truck stops at quarter-span, mid-span and 3-quarter span respectively. 418 
Fig. 11 is a schematic, intended to allow the reader visualise where the truck stopped, i.e. the 419 
footprint of the truck, but is not drawn to scale (truck footprint is actually slightly bigger than shown 420 
in the figure).  In the loading test the truck stops at a given location (A-F) for at least 10 seconds with 421 
no other traffic on the bridge.    422 
 423 
Fig. 11, Locations where the truck stopped during the load test. 424 
 425 
5.0 Static test with unloaded truck 426 
5.1 Experimental results of test with unloaded truck 427 
For the purpose of the load test only the test truck should be on the bridge, but without full closure 428 
it was possible only to work within the traffic windows experienced on site. During the period when 429 
the unloaded test was being carried out traffic was reasonably busy and we were only able to get 430 
uncorrupted measurements for mid-span stopping locations B and E (see Fig. 11).  431 
The midspan displacement from the test is shown in Fig. 12(a). The truck started off on the west side 432 
of the bridge and was driving east before stopping at point B at 30 seconds, pausing for 433 
approximately 12 seconds then moving off the bridge. When stopping at point B the truck was 434 
positioned closer to the north girder (see Fig. 11) and this is reflected in the fact that for stopping 435 
location B the mid span displacement for the north and south beams was approximately 3 mm and 436 
1.9 mm respectively, i.e. the displacement for the north beam is larger. Figure 12(b) shows the 437 
corresponding bearing movements for the same loading event and it can be seen that when the 438 
truck stopped at location B bearing, movements of 0.26 mm and 0.12 mm occurred in the north and 439 
south beams, respectively. The truck turned around and came back on to the bridge travelling west 440 
and stopped at location E between 130 seconds and 150 seconds. This resulted in mid-span 441 
displacements 1.7 mm and 3.1 mm respectively in the north and south girders, with corresponding 442 
bearing movements of 0.16 mm and 0.25 mm. As a summary, the mid-span displacements and 443 
associated bearing movements observed on site are shown in the third and sixth columns of Table 4.  444 
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 445 
Fig 12, Mid-span and bearing displacements for unloaded test, (a) mid-span displacement response 446 
(b) bearing movements.  447 
 448 
5.2 FE model updating following static test 449 
Having experimentally established the mid-span displacement and bearing displacement during a 450 
load test the next step was to see how well the FE models predicted this response. However, before 451 
discussing these results it is useful to recap on the FE models developed so far.  452 
Model 0 is effectively the model that would be prepared from engineering drawings; it is a plate 453 
model which assumes pin-roller boundary conditions. Model 1 is an updated version of Model 0 in 454 
that it has a heavier mass of deck and it assumes pin-pin boundary conditions.  Model 1 was found 455 
to be very accurate in capturing the dynamic behaviour of the deck.  456 
From the bearing movements plotted in Fig. 12(b) it is obvious that under truck loading the applied 457 
loads are large enough that the deck no longer behaves as pinned-pinned, so using Model 1 directly 458 
would not be appropriate. Therefore to evaluate reliability of FEM predictions for the unloaded test 459 
the two obvious options are: (i) to simulate the unloaded truck test using Model 0; or (ii) to use an 460 
amended form of Model 1 that has pin - roller boundary conditions. However, because the geometry 461 
and Young’s modulus values in Model 0 and Model 1 are identical, options (i) and (ii) above will give 462 
the same predictions for static load. Therefore it was decided to use Model 0 as this avoids the 463 
confusion of introducing an amended version of Model 1. 464 
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The Model 0 predictions for the mid-span and bearing displacements for stopping locations B and E 465 
for the unloaded truck are shown in columns four and seven of Table 4 (light shading). It can be seen 466 
that the Model 0 predictions significantly overestimate the actual displacements. This is most likely 467 
due to the fact that Model 0 takes no account of the frictional restraint imposed by bearing friction.  468 
Modern bearings use PTFE as the sliding material and friction coefficients in the region of 0.015-0.05 469 
are expected. From the drawings the bearings used in this bridge were from a company (Glacier) 470 
that at the time did not use pure PTFE, rather a material known as ‘Glacier DU’  was used as the 471 
sliding material. Precise specifications could not be obtained but investigation revealed that the 472 
friction coefficient was likely to be slightly higher than in modern bearings i.e. probably in the region 473 
0.025-0.06. 474 
 475 
Having observed the restrained bearing behaviour in section 2.3, and established the range of  476 
friction coefficients likely to occur the next step was to simulate bearing friction in the FE model, 477 
then update the model (to get the best match for mid-span displacement) by updating parameter µ, 478 
where µ is the friction coefficient of the bearings. The reason for getting the updated model to focus 479 
on mid-span displacements rather than bearing movements is that the bearing displacements are 480 
quite small and also show a certain amount of ‘non-linearity/inelasticity’ in the sense that the do not 481 
return exactly to zero when the truck leaves the bridge (see Fig. 12(b)). Hence it was felt that a 482 
model optimised based on mid-span displacement measurements would be more robust than one 483 
optimised including bearing movements.         484 
The base model for the updating was Model 0 (Es = 206 GPa and Ec=30GPa) with assumed boundary 485 
conditions of pin-roller, and the only parameter to be updated was µ. In this model, friction is 486 
simulated as a longitudinal (horizontal) force applied at the bottom fibre of the girder where the 487 
girder is supported on the roller bearing. The magnitude of this friction force is the product of the 488 
friction coefficient multiplied by the vertical force on the bearing. Where the vertical force on the 489 
bearing is approximately one quarter the weight of the bridge deck plus a portion of the weight of 490 
the truck.    491 
The starting value of µ was taken as 0.025, with upper and lower limits of 0.005 and 0.1. Following a 492 
series of iterations with objective to get the best match for the mid-span displacement 493 
measurements, the value of µ converged to 0.0263, which is within the range of expected values 494 
previously indicated.  The progress of the updating process is presented in Fig. 13. Fig. 13(a) is the 495 
updated value of friction coefficient at each iteration step and the plot in figure 13(b) is the 496 
corresponding plot of prediction error at each step. As can be seen, the updating process converges 497 
after 47 steps. This updated model is referred to as Model 2 and the predictions from Model 2 are 498 
shown in the 5th and 8th column of Table 4 (dark shading).  499 
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 500 
Fig. 13, Graphical overview of updating process, (a) updated values of friction coefficient for each 501 
iterative step (b) prediction error in the objective function for each friction coefficient shown in part 502 
(a). 503 
The Model 2 predictions for the mid span displacements of the north and south beams match well 504 
with the measured values, which is to be expected as the model is optimised to match this, but the 505 
bearing movements are also reasonably well predicted by the model which builds confidence in the 506 
model. However, any FE model that has been updated using a limited amount of test data runs could 507 
give erroneous predictions in other loading scenarios. Therefore in the next section a more 508 
comprehensive load test was carried out using a loaded truck and the ability of Model 2 to predict 509 
the bridge response is examined.     510 
Table 4, measured values of mid span displacement and bearing extension for test with unloaded 511 
truck compared to values predicted from base FE model (Model 0) and statically updated FE model 512 
(Model 2)  513 
  Mid span deflection (mm) Bearing movement (mm) 
beam 
Stop 
position 
Unloaded 
test 
Model 0 
 
 (Model 2) 
Unloaded 
test 
 
Model 0 
 
Model 2 
 
North 
B 3.0 3.735  2.893 0.261 0.488 0.192 
E 1.72 2.327  1.49 0.162 0.384 0.091  
South 
B 1.968 2.858 2.021 0.125 0.425 0.132 
E 3.121 4.266 3.421 0.258 0.527 0.231 
 514 
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6.0 Static test with loaded truck 515 
This test was carried out with the truck shown in Fig 10(a) but this time the truck was loaded so had 516 
a GVW of 32T rather than 12T which was the weight in the unloaded test of Section 5. Similar to the 517 
unloaded test we did not want there to be any other vehicle on the bridge other than the test 518 
vehicle. Therefore the experimental campaign for this loaded test was carried out early in the 519 
morning in the hope that the road/bridge would be more or less free from other traffic and this 520 
indeed proved to be the case which meant it was possible to stop the truck at all locations A-F 521 
indicated in Fig. 11. The results for mid-span displacement and bearing movement are presented in 522 
Sections 6.1.1 and 6.1.2 respectively.  523 
6.1 Experimental results of test with loaded truck 524 
6.1.1 Mid span displacement  525 
Fig. 14 shows the mid-span displacement observed for 5 passes of the vehicle. In the first pass at 526 
approximately 40 seconds the truck is travelling west and it does not stop on the bridge, this first 527 
pass was just to check that all the instruments were working properly before the static test. After 528 
the initial pass at 40 seconds the truck returns at approximately 140 seconds and it is travelling east. 529 
It stops consecutively at points A, B and C at approximately 140, 180 and 210 seconds, respectively, 530 
and the stopping locations are indicated on Fig. 14. It is clear that when the truck is travelling east 531 
(positions A-C) the north side beam shows larger displacement than the beam on the south side, this 532 
is simply because the truck is closer to the girder on the north side. The displacement when the truck 533 
is at point A is smaller than when the truck is at point C because the rear axles (which are heavier 534 
than the front axles) are closer to mid-span when the truck is at point C.   535 
After crossing the bridge the truck turns around and returns travelling west, arriving at 536 
approximately 320 seconds. When the truck is travelling west (positions D-F) the beam on the south 537 
side shows the largest displacements because the truck is closer to the south girder. The largest 538 
displacement in the south girder (≈10 mm) occurs when the truck is at point E. The corresponding 539 
displacement in in the north girder, when the truck is at location B, is slightly smaller (≈9 mm). This is 540 
because the footpath on the south side is narrower and therefore when the truck is travelling west 541 
the truck is closer to the south girder than it is possible to get to the north girder when it is travelling 542 
east.  Having stopped once at points A-F, the test is repeated and the truck stops at points A-F for a 543 
second time and the resulting bridge displacement is shown between 500 seconds and 750 seconds 544 
in Fig. 14. It can be seen that there is good repeatability between the first and second parts of the 545 
test.   546 
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 547 
Fig. 14, Mid-span displacement for north and south girders for truck stopping locations A-F.   548 
 549 
6.1.2 Bearing movement (LVDT) 550 
Fig. 15 shows the displacement observed at the bearings and the position of the truck A-F is also 551 
indicated. Similar to the pattern in Fig. 14 the girder closest to the truck experiences the largest 552 
displacement. The horizontal displacement when the truck is at quarter span (locations A & D) is 553 
only approximately half the value when at mid-span or three quarter span. This is due to the fact 554 
that when the truck is at quarter span the heavier rear axles are close to the support. Interestingly 555 
when the truck leaves the bridge the beam does not relax to exactly the same horizontal position 556 
each time, this is believed to be due to friction in the bearings. The bearings being monitored are at 557 
the east end of the bridge and the amount of relaxation that occurs varies depending on whether 558 
the truck is travelling east or west. The rear axles of the truck are heavy and it appears that when the 559 
truck is travelling east, the bearings release more than when the truck is travelling west.  560 
 561 
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 562 
Fig 15, Movement of bottom fibre of the north and south girders on the east abutment. 563 
 564 
6.1.3 Summary table 565 
Table 5 shows the mid span deflections and bearing movements observed for the north and south 566 
girders of the bridge for passes 1 and 2. It can be seen in the table that the measurements for pass 1 567 
and 2 are very consistent so to avoid repetition in the next section where model predictions are 568 
compared to measured results only the results of from pass 1 are presented.   569 
Table 5, Summary of displacements observed at mid-span and at bearings during the load test. 570 
 North girder South girder 
 
Mid-span  
deflection (mm) 
Bearing 
Deflection (mm) 
Mid-span  
deflection (mm) 
Bearing 
Deflection (mm) 
Stop 
position 
Pass 1 
(mm) 
Pass 2 
(mm) 
Pass 1 
(mm) 
Pass 2 
(mm) 
Pass 1 
(mm) 
Pass 2 
(mm) 
Pass 1 
(mm) 
Pass 2 
(mm) 
A 4.874 5.089 0.583 0.619 3.027 3.247 0.360 0.398 
B 8.982 9.084 1.083 1.112 6.004 6.139 0.770 0.804 
C 7.610 7.419 1.044 1.075 5.181 5.064 0.759 0.794 
D 2.824 2.729 0.342 0.334 5.391 5.220 0.629 0.622 
E 5.106 5.049 0.819 0.842 9.703 9.925 1.178 1.199 
F 4.353 4.100 0.914 0.917 7.938 8.074 1.209 1.202 
 571 
 572 
6.2 FE model predictions for static test with loaded truck 573 
For convenience the experimental data for mid-span displacement and bearing movement for Pass 1 574 
shown in Table 5 is reproduced in columns 3 and 6 respectively of Table 6. For comparison purposes 575 
the corresponding predictions of the base model (Model 0) for these loading scenarios are shown in 576 
columns 4 and 7 of Table 6 (light shading). It can be seen that similar to the unloaded test, for most 577 
load positions Model 0 overestimates the displacement at both mid-span and at the bearing. Finally 578 
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columns 5 and 8 of Table 6 (dark shading) show the Model 2 predictions for mid-span displacement 579 
and bearing movement, where Model 2 is simply the FE model developed in Section 5.2. Model 2 is 580 
checked against loaded test displacement so the friction coefficient iss left at 0.023. It can be seen 581 
that for most load positions the mid-span displacements predicted by the Model 2 match well with 582 
those observed on site. The Model 2 predictions for bearing movements are not quite as accurate as 583 
are predictions for mid-span displacement but are still good and are significantly more accurate than 584 
the equivalent Model 0 predictions for bearing movement. The fact that Model 2 is slightly more 585 
accurate at predicting mid-span displacement (than bearing movement) is not surprising considering 586 
that the updating described in section 5.2 was updated to for best fit to mid-span displacement 587 
rather than bearing movement. 588 
Although the performance of Model 2 is very good for mid-span displacement, and certainly much 589 
more accurate than Model 0, Model 2 is not perfect. For example for stop location C, while the mid-590 
span displacement prediction for the south beam is very accurate (prediction: 5.098mm Vs 591 
measured: 5.181 mm) the prediction for the north beam underestimates the true displacement 592 
prediction: 6.762 mm  Vs measured: 7.610 mm). Some inaccuracies in Model 2 predictions for stop 593 
location C (and/or locations A, D & F) are not totally surprising when considering that Model 2 was 594 
only updated using the mid-span displacement for load positions B and E in the unloaded test. In fact 595 
this demonstrates one of the fundamental challenges of model updating, i.e. that while a FE model 596 
might show excellent predictions for the set of data it was updated on there is no guarantee that it 597 
will be as accurate when used to predict the bridge response to a different loading scenario. Hence 598 
the importance of having data from more than one measurement campaign, so that the robustness 599 
of an updated FE model can be accessed.  600 
Finally it should be noted that this study is not an attempt to get a perfect model, rather to 601 
demonstrate that with limited field measurements, particularly including some boundary conditions 602 
measurements, it is possible to improve the FE model significantly using relatively simple updating 603 
procedures.  604 
Table 6, Measured, Model 0 and Model 2 predictions for stopping locations A-F with loaded truck  605 
Beam Stops 
Mid-span displacement (mm) Bearing movement (mm) 
Loaded 
Test 
Model 0 Model 2 
Loaded 
Test 
Model 0 Model 2 
North 
A 4.874 5.782 4.972 0.583 0.837 0.553 
B 8.982 9.885 8.995 1.083 1.289 0.977 
C 7.610 7.651 6.762 1.044 1.083 0.771 
D 2.824 3.473 2.555 0.342 0.623 0.302 
E 5.106 6.040 5.153 0.819 1.003 0.693 
F 4.353 5.041 4.188 0.914 0.889 0.59 
South 
A 3.027 4.538 3.728 0.360 0.762 0.478 
B 6.004 7.460 6.58 0.770 1.121 0.813 
C 5.181 5.977 5.098 0.759 0.925 0.617 
D 5.391 6.845 5.887 0.629 0.976 0.639 
E 9.703 11.302 10.393 1.178 1.403 1.084 
F 7.938 8.584 7.723 1.209 1.115 0.813 
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7.0 Conclusions 606 
This paper presents the results of model updating with particular attention to bearing movements 607 
which are often not appropriately accounted for during the conceptualisation of a bridge using 608 
numerical models. Typically, the bearings are conventionally idealised pin-roller supports, which 609 
often does not represent their true behaviour and hence leads to inaccuracies in the model. The 610 
significance of bearing’ movement has been scarcely tested against real-life experimental data due 611 
to the difficulties associated with obtaining the data on bearing’ behaviour on site. With this in mind 612 
it was shown that to get the dynamic model (Model 1) to generate the correct modal frequencies it 613 
was very important to have been able to identify that under light weight ambient traffic the bridge 614 
bearings were in effect behaving as ‘pin-pin’. Otherwise in the updating procedure, the system 615 
parameters (e.g. Youngs modulus, deck mass) would have been driven to unrealistic values in order 616 
to get the FE predictions to match the experimentally observed frequencies. The bearing restraint 617 
evident in the dynamic test was assumed to be due to friction in the bearings. This field observation 618 
about bearing friction was exploited in the static model (Model 2) where friction was implemented 619 
in the bearings leading to a substantially more accurate static predictions than the base model 620 
(Model 0) which assumes ‘pin-roller’ boundary conditions. As well as demonstrating the useful 621 
modelling information that can be gathered by taking field measurements on the bearings, this 622 
paper also demonstrates the importance of having data from multiple tests when carrying out model 623 
updating as this allows the robustness of the updated model to be accessed. 624 
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